In the final stages of an elaborate courtship, many slugs and snails shoot calcareous 'love' darts into each other. While darts improve the reproductive success of the shooter, by promoting sperm survival in the recipient, it is unclear why some species have darts and others do not. In fact, dart use has barely been studied, except in the garden snail Cantareus aspersus (Helix aspersa). An evolutionary approach was therefore taken to attempt to understand the origin and use of darts, by investigating mating behaviour in a wide range of species. The prediction was that, because darts could have arisen out of an escalating cycle of sperm digestion and investment in sperm, then darts should be found in taxa that enforce simultaneous reciprocity during mating. Likewise, they should not be found in taxa that mate unilaterally, because the co-evolutionary cycle is absent or reduced. Mating behaviour in 60 genera (28 families) of land snails and slugs was recorded, and compared against dart use across the whole of a stylommatophoran phylogeny. 'Face-to-face' simultaneous reciprocal-mating behaviour is restricted to three monophyletic groups of snails and slugs, and dart-bearing species are a subset within the same clades, which suggests a link, though not necessarily a causal one. As yet, we are unable to quantify the extent to which darts or mating behaviour, as well as several other correlated characters, are determined by common ancestry or regimes of natural or sexual selection, because the current phylogeny lacks resolution. However, the results emphasize that to understand the use of darts, then data are required from a wide range of species. The realization that several characters are correlated may stimulate further research, and could eventually lead to some testable models for dart and mating behaviour evolution.
INTRODUCTION
Pulmonate land snails and slugs are especially interesting, because in the final stages of an often elaborate courtship involving circling, touching and biting, many species shoot calcareous 'love' darts into each other (Baur, 1998) . Although this can injure the recipient, and reputedly even kill them, in the garden snail Cantareus aspersus (Helix aspersa) it has been shown that darts improve the reproductive success of the shooter by promoting sperm survival in the recipient (Koene & Chase, 1998; Landolfa, Green & Chase, 2001; Rogers & Chase, 2001 , 2002 . In Cantareus, mucus introduced with the dart induces a muscular contraction that closes the entrance to a specialized sperm digestive organ (the bursa copulatrix), while at the same time speeding uptake of the *All correspondence to: Angus Davison, Institute of Genetics, School of Biology, University of Nottingham, Nottingham, NG7 2UH, U.K. E-mail: angus.davison@nottingham.ac.uk spermatophore into a blind-ended organ of the female digestive tract (Koene & Chase, 1998) . The effect of successful dart-shooting is to improve fertilization success (Koene & Chase, 1998; Landolfa et al., 2001; Rogers & Chase, 2002) .
One theory is that darts evolved from sexual conflict (i.e. differences in male and female interests; Chapman et al., 2003) , because dart-shooting promotes donor sperm survival at a cost to the receiver. Alternatively, heightened sperm competition between males could mean that the main function of darts is to improve the survival of a male's own sperm compared against sperm from other males (Pomiankowski & Reguera, 2001) . A final consideration is that females might favour successful dart shooters, because they then have fitter offspring, either via higher reproductive success (Fisher's runaway process) or higher viability (good genes) (Pomiankowski & Reguera, 2001) .
Ultimately, however, the reason why darts evolved at all in stylommatophoran slugs and snails remains unclear, and also why some species have darts and others do not. Dart use has barely been studied outside of Cantareus, and there has been only one brief and incomplete survey of darts in different species (Tompa, 1980) . It was therefore decided to record the occurrence of darts in the stylommatophoran land snails and slugs, and in particular, to investigate whether there is a link between mating system and dart use.
In the past, many authors have tended to assume that genital intromission during mating is simultaneous and reciprocal (with a few exceptions such as Partula; Lipton & Murray, 1979) , because stylommatophoran snails and slugs are simultaneous hermaphrodites. This is erroneous because many species mate unilaterally (e.g. Liguus; Cook, 1985) . Asami, Cowie & Ohbayashi (1998) have recently shown that there is a strong correlation between mating position, and whether mating is reciprocal or not. They found that, with some obvious exceptions (e.g. Limax, references within Baur, 1998) , taxa either mate 'face-to-face' or by 'shell-mounting'. Species that mate face-to-face almost always mate simultaneously and reciprocally, whereas shell-mounting species mate unilaterally. Although Asami et al. (1998) are not explicit in their explanation, the essential difference is that in simultaneous reciprocal face-to-face mating both individuals in a mating pair use both their male and female organs at the same time, whereas in unilateral shellmounting mating, each snail has a defined and distinct role, either as a male or a female in each mating. Finally, unilateral mating can sometimes be sequential, where individuals switch sex roles after one round of unilateral mating. An essential difference is that in unilateral mating, an individual cannot be forced to reciprocate. In contrast, in simultaneous reciprocal-mating, copulation is conditional on reciprocity, hence both mating partners are obliged to act as male and female at the same time (insemination is also reciprocal; Baur, 1998; Rogers & Chase, 2002) . Given an insistence on reciprocal insemination, it is possible to 'cheat' (i.e. not use your partner's sperm to fertilize your own eggs) only after intromission has occurred. One way to achieve this might be to either expel or digest your partner's sperm.
Generally, multiple mating and sperm digestion are common in hermaphrodites that mate simultaneously and reciprocally (Michiels, 1998; Greeff & Michiels, 1999) . Since sperm digestion reduces the fertilization success of a given ejaculate, this can select for increased sperm investment, leading to a co-evolutionary cycle in which both the amount of sperm digested and investment in sperm increase until eventually, individuals will invest equally in male and female gametes (Greeff & Michiels, 1999) . Fitness through the male function should then become more dependent on the total resources devoted to sperm, rather than on the number of matings, thus reducing Bateman's principle (Bateman, 1948) , which is that male reproductive success is limited by the number of matings, and female reproductive success by investment in eggs. Once ejaculates are large and costly, reciprocity will be further enforced, because individuals that insist on reciprocal sperm transfer will be favoured as they receive an energetic compensation for their investment, through the digested sperm (Greeff & Michiels, 1999) . However, alternative evolutionary responses are likely, because an individual that reduces sperm digestion in their partner will be able to father more offspring. This could be achieved by packing sperm in spermatophores, or, using darts to inject a substance that could promote sperm survival in the recipient.
Given the above theory, we speculated that the nature of the differences between mating systems would predict the more frequent occurrence of darts in simultaneous reciprocal-mating species. This is because only they are potentially locked into an escalating cycle, which could promote the evolution of alternative responses such as darts. This is exactly what we found: darts invariably occur in association with face-to-face simultaneous reciprocalmating. Moreover, it has been shown previously that mating behaviour is correlated with shell shape, and that there is also a complicated correlation with shell and body asymmetry (chirality; Asami et al., 1998) . Thus, while it is far from proven that the relationship between darts and mating behaviour is a causal one, the realization that they are correlated may stimulate further research.
Note: for clarity it is still often convenient to use the terms 'male' or 'female' when referring to specific behavioural or anatomical features of hermaphrodites.
MATERIALS AND METHODS
The literature on darts and especially reproductive behaviour in stylommatophoran land snails and slugs is sparse. In particular, no study has investigated the relationship between both dart use and mating behaviour. The only comparable study is that of Asami et al. (1998) , where data from 17 stylommatophoran familes were used to investigate the relationship between mating behaviour, shell-shape and chirality (no molecular phylogeny was available at the time).
Most prior research on darts has been in Cantareus aspersus (Koene & Chase, 1998; Landolfa et al., 2001; Rogers & Chase, 2002) , with a few investigations in closely related species (Baminger, Locher & Baur, 2000) . While the details of dart use differ (e.g. used before or after genital intromission), in all the species that have been investigated darts are hard calcareous or chitinous structures that pierce a partner during mating. It was possible to infer whether individual species possess darts from a knowledge of the internal anatomy, and by reference to standard descriptive texts.
Original publications were also sourced, and our personal knowledge as well as that of colleagues used to categorize slug and snail mating behaviour as: (1) 'unilateral' or 'simultaneous reciprocal'; (2) 'shellmounting' or 'face-to-face' (see Introduction for explanation of categories as well as Asami et al. 1998 for further information on mating positions). The degree to which individuals mate unilaterally rather than unilateral sequentially was impossible to verify, because detailed behavioural observations do not exist for most species. It was therefore not possible to distinguish between 'true' unilateral mating and unilateral sequential mating. This should not affect the prediction that darts would be found in simultaneous reciprocal-mating taxa, because the enforced aspect of reciprocity is lacking in both types of unilateral mating. The main references used for mating behaviour were Dasen (1933) , Künkel (1933) , Pilsbry (1939-40) , Moreno (1950) , Webb (1951 Webb ( , 1953 Webb ( , 1968 , Quick (1960) , Hecker (1965) , Plummer (1975) , Woodruff (1978) , Lipton & Murray (1979) , Tompa (1980) , Cook (1985) , Adamo & Chase (1988) , Tomiyama (1994) , Schilthuizen & Lombaerts (1995) , Asami et al. (1998) , Rodriguez & Gomez (1999) and Stringer et al. (2003) , with additional information on Amphidromus from Menno Schilthuizen, and Trichotoxon from Bernard Verdcourt. At the same time whether snail shell-shape is low-or highspired was also recorded. The division into 1 of 2 types of shell was possible, because it has been shown previously that snails have a bimodal distribution of shell shapes (Cain, 1977) .
Full details of the specimens used, collection localities, dart use and shell shape are given in the appendix. The detailed description and analysis of the phylogenetic relationship between species will be published elsewhere (Wade, Mordan & Naggs, in press ). Briefly, an approximately 1460 nucleotide region of the 5.8S, ITS-2 and 28S rRNA gene was amplified for 160 species in 144 genera (56 new, GenBank accession numbers AY841280 to AY841349; for the remainder see Wade, Mordan & Clarke, 2001) . PCR amplification and DNA sequencing were carried out as in Wade & Mordan (2000) . Sequences were assembled and aligned manually. Evolutionary trees were constructed using the neighbour-joining method in Paup* (version 4.0d65, Swofford, 2002) , with distances corrected for multiple hits by using the general time-reversible (GTR) model and between-site rate heterogeneity accounted for by incorporating a proportion of invariant sites (I) and gamma-distributed rates (G) into the model. The rate matrix, base frequencies, proportion of invariant sites (pinvar) and shape parameter (α) of the gamma distribution were estimated using likelihood by iteration from an initial neighbour-joining tree. The parameters estimated from the initial tree were then used to build a new neighbour-joining tree and the parameters re-estimated. This process was repeated until there was no further improvement in likelihood. As an alternative phylogenetic method, Bayesian analysis was undertaken using MrBayes v3.0b4 (Huelsenbeck & Ronquist, 2001) . A GTR plus gamma model was used and the tree space was explored using four chains of a Markov Chain Monte Carlo algorithm for 25 million generations, sampling every 2500 generations. To ensure adequate chain swapping, the heating parameter was set to 0.025 and the dirichlet of the state frequency priors set to 600. A consensus tree was built from the last 1000 trees (burn in = 9001 samples).
Possession of darts, shell shape and mating behaviour were then mapped onto the resulting phylogeny. Unfortunately, poor resolution at several important nodes prevented a strict, phylogeny controlled, comparative analysis (e.g. CAIC, Purvis & Rambaut, 1995) . Furthermore, while multiple taxa from the Limacoidea have darts, there was material from only one specimen.
RESULTS
In total, the mating behaviour of 60 stylommatophoran slug and snail genera in 28 families was discovered. It was found that unilaterally mating snails in 11 families mate by shell-mounting, and none have darts (Table 1) . In contrast, simultaneous reciprocal-mating species in 15 out of 18 families mate face-to-face, with the exception of the families Achatinidae and Discidae and Albinaria (Table 2) . Dart-bearing species are a subset within the simultaneous reciprocal, face-to-face mating group, and are restricted to two superfamilies, the Helicoidea (at least four familes) and Limacoidea (at least four families; three for which the mating behaviour is known plus the Dyakiidae), as well as the slug family Philomycidae ( Table 2 ). The tables show a further correlation, that both helicoid and limacoid superfamilies predominantly have low-spired shells (Table 2 ; 26 of 28 helicoid genera and 4 of 4 limacoid genera), or are else slugs, whereas shellmounting species tend to be high-spired (11 of 15 genera examined; Table 1 ). Table 1 . Unilateral mating snails and slugs. Genera that mate unilaterally mate by shell-mounting and none have darts. Most are also high-spired (11/15 genera). Only one of the genera is from a dart-containing clade (Oreohelix, Helicoidea), and it is also low-spired. Cerion mate unilaterally but no further information is available (Woodruff, 1978) . FF, face-to-face mating; SM, shellmounting; L, low-spired; H, high-spired
Mating behaviour
Shell-shape Table 2 . Simultaneous reciprocal-mating snails and slugs. Genera that mate simultaneous reciprocally usually do so face-to-face, with the exception of the Achatinidae, Discidae and Albinaria. Dartbearing species are a subset within the face-to-face mating group, and are in three separate monophyletic groups, the Helicoidea, Limacoidea and Philomycidae (see Fig. 1 ). Genera with lowspired shells are also much more common in the Helicoidea and Limacoidea (Fig. 1, Cain, 1977 The use of darts and shell-shape were scored for 160 species, then mapped onto a molecular phylogeny and compared with mating behaviour, all of which are summarized in Fig. 1 (see Appendix for further details). While the mating behaviour was not known for some of these taxa, mating behaviour does not vary much within taxonomic and phylogenetic groups (families or superfamilies), e.g. all helicoid species are simultaneous reciprocal face-to-face mating, except Oreohelix; all clausilids mate by shell-mounting. Thus, we were confident in making generalizations for monophyletic groups in the phylogeny. Similarly, both the wellsupported Limacoidea and Helicoidea correspond to preexisting superfamilies, based on morphological evidence, so taxa such as Ariophanta can be confidently placed in the Limacoidea, even though DNA evidence is lacking.
Simultaneous reciprocal face-to-face mating was found to be confined to three monophyletic groups, the Limacoidea, Helicoidea and the Philomycidae. Dartbearing species are a subset of genera within the three groups (Fig. 1) . The monophyly of the three groups is beyond doubt, because each is well supported using both neighbour-joining and Bayesian methods, but the relationship between them is uncertain (Fig. 1) . The molecular phylogenetic analysis is suggestive, although not statistically significantly so, of a relationship between the Limacoidea and Philomycidae (39% neighbourjoining bootstrap support; P = 0.99 with MrBayes). Unfortunately, the phylogeny is poorly supported at the base, so it is not possible to estimate reliably the number of times that darts evolved.
None the less, there is some phylogenetic evidence for character evolution. There is firm evidence for dart loss. Both Cochlicella and Monacha lack darts but have dart-sacs, and are nested with two taxa that have darts, Cernuella and Trichia (Fig. 1) . Furthermore, Amphidromus is nested within a large dart-containing clade, though the position is not well supported. There are also two well supported monophyletic dart-bearing groups within the Helicoidea, one comprising only Sagda and another, the remaining taxa, which could in theory mean that darts have evolved more than once within the Helicoidea (Fig. 1) .
The mapping of shell shape onto the molecular phylogeny (Fig. 1) confirms that several large monophyletic groups have the same kind of shell and mate in the same manner, with only a few exceptions. In the phylogeny, the Helicoidea and Limacoidea have low-spired shells, except Cochlicella and Amphidromus. The Orthurethra, Clausilioidea, and Achatinoidea are almost entirely composed of high-spired species, again with a few exceptions (e.g. Pyramidula, Thyrophorella).
DISCUSSION
In our study, a previously unrecognized and striking association between three characters was discovered: the use of darts, mating behaviour and shell shape. Dartbearing genera are in eight different families that always mate face-to-face and are usually low-spired snails, or Only reciprocal face-to-face mating species have darts and are found in three monophyletic groups, the Helicoidea, Limacoidea and Phylomycidae. Face-to-face mating species nearly always have low-spired shells, or else are slugs. In contrast, species that mate by shell-mounting are often high-spired, especially the large monophyletic groups of the Orthurethra, Clausilioidea, and Achatinoidea. The neighbour-joining phylogeny is rooted using a non-stylommatophoran pulmonate outgroup; genera that are specifically discussed in the main text are labelled. *, support value > 70% (neighbour-joining) and P > 0.95 (MrBayes). Precise support values (neighbourjoining/MrBayes) are shown at several important nodes.
else slugs. Darts and simultaneous reciprocal face-to-face mating are both confined to three monophyletic groups, the Helicoidea, Limacoidea and Philomycidae (Fig. 1) . In contrast, many of the other families contain only high-spired species that mate by shell-mounting, and it is genera within those groups that are most frequently variable for their body asymmetry (Asami et al., 1998) . Because all the characters are strongly correlated with phylogeny, it cannot be determined exactly how natural or sexual selection are implicated in the evolution of darts and mating behaviour. Moreover, while there is a definite relationship between dart use and mating behaviour, it is not necessarily a causal one. The results, however, emphasize that in order to understand the use of darts, data are required from a wide range of species. In general, the results seem to corroborate the expectations of mating systems theory (Greeff & Michiels, 1999) . The digestion of sperm in the recipient will promote the evolution of large (expensive) ejaculates, which in turn will bring about higher levels of sperm digestion and an even higher investment in sperm (Greeff & Michiels, 1999) . Sperm digestion should be a greater problem for donors in simultaneously reciprocal mating species (rather than unilateral). Consequently, strategies to mitigate the effects of sperm digestion should be stronger in simultaneously reciprocal mating species, because of the heightened investment in sperm (Greeff & Michiels, 1999 ).
An intriguing question that could affect dart evolution is whether individuals are able to recognize the dart status of their mating partner. Variation in status is to be expected for a variety of reasons: virgins do not usually produce a dart; once a dart has been shot, it may take up to a week to generate another; finally, some populations within otherwise dart-bearing species lack both darts and dart-sac (e.g. Aegista mikuriyensis from Japan). If individuals can recognize dart-bearing individuals, then they may refuse to mate with them, because it would allow the 'female' to regain control over fertilization of her own eggs, and not be penetrated by a potentially damaging dart.
Ultimately, however, aside from recent progress in Cantareus aspersus, we remain relatively ignorant as to the function of darts (Koene & Chase, 1998; Pomiankowski & Reguera, 2001; Rogers & Chase, 2001 , 2002 . One means to progress might be to incorporate the data on reciprocity and multiple mating into models or simulations, to try to determine the evolutionarily stable strategy. The knowledge gained could be used to determine how different situations may favour the evolution and maintenance of darts. Further empirical tests will then be required, based on the outcome of the models.
Reciprocity
Although simultaneous reciprocity was used as the predictor of dart use, the correlation of mating behaviour with dart use is stronger if the criterion is face-to-face mating, because the Achatinoidea (e.g. giant African snail Lissachatina fulica) and Anguispira do not have darts, even though they mate in a simultaneous reciprocal manner. We speculate that the reason for this is that it is more difficult to enforce reciprocity when mating is by shell-mounting. Again, models or simulations are required, but it is possible that if a low proportion of matings are not reciprocal, then the escalating coevolutionary cycle is broken, removing the selection pressure to manipulate the partner. However, while it is possible that loss of reciprocity has led to the loss of darts in some species and populations, there is presently no direct evidence for this as the cause, and probably many factors are involved. For example, a number of taxa within the large dart-bearing helicoid group lack darts (e.g. Cochlicella), so have, presumably, secondarily lost them, but they still mate in a face-to-face reciprocal manner. One testable prediction is that simultaneous reciprocal-mating snails, especially those that shoot darts, should have larger spermatophores or ejaculates, because they are locked in an escalating co-evolutionary cycle.
Correlations with shell-shape
Previously, Cain (1977) showed that pulmonate land snail shell-shape has a bimodal distribution, and argued that this is largely independent of taxonomic position, providing strong indirect evidence for the action of natural selection on shell-shape. Subsequent studies have largely confirmed and extended his original hypothesis (Cain & Cowie, 1978; Cook & Jaffar, 1984) . Although it could be argued that the general relationship between shell-shape and phylogeny that was found in our study contradicts the findings of Cain (1977) , the results are consistent if closely related species by phylogeny tend to be under the same selective pressure, because they live in similar niches. Some of the correlation of dart use with shell shape could be explained if high-spired species are more commonly found on vertical surfaces, and reciprocal mating is more difficult in that position.
